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Microstructure and magnetic properties of interfacially disordered FePt nanoparticles with a
diameter of about 10 nm were investigated. Sputter deposition of amorphous Al2O3 overlayer
caused the disordering of L10-FePt particles at the interface. The assembly of these partially
disordered FePt nanoparticles is equivalent to the composite medium consisting of the exchange
coupled soft and hard layers. Coercivity Hc of the interfacially disordered FePt nanoparticles
significantly decreased with increasing thickness of the disordered layer. Comparison with
theoretical calculations has shown that this reduction of Hc is attributed to the so-called spin flop
state during the magnetization reversal. The interfacial disordering method has been demonstrated
to be a promising technique for fabricating FePt-based soft/hard stacked composite media. © 2006
American Institute of Physics. DOI: 10.1063/1.2355442
I. INTRODUCTION
Ferromagnetic particles of less than 10 nm must be uni-
formly dispersed in a nonmagnetic matrix for ultrahigh den-
sity recording media. However, magnetically isolated nano-
particles become thermally unstable and transform to a
superparamagnetic state below a certain critical diameter in
the nanometer dimension. To decrease the critical diameter
for higher areal density of magnetic recording, ferromagnetic
materials with a large magnetocrystalline anisotropy must be
employed. L10 ordered FePt has a large uniaxial anisotropy
Ku of 7107 ergs/cm3 and is regarded as the most prom-
ising material for the future ultrahigh density recording me-
dia. However, its switching field Hsw is too large for satu-
ration recording with the current write head. To overcome
this writability problem, recording methods such as heat as-
sisted magnetic recording1 HAMR and tilted media2 have
been proposed. However, these methods require media struc-
ture and/or writing system that are much different from the
current magnetic recording systems.
On the other hand, the composite perpendicular record-
ing media proposed by Victora and Shen3 and Inaba et al.4
has attracted a lot of attention due to its simple media struc-
ture that can be adopted in the present recording system. The
composite media consist of exchange coupled soft and hard
magnetic regions within a single magnetic particle. Accord-
ing to Victora and Shen’s simulation, Hsw decreases because
the rotated magnetization of the soft layer changes the angle
of the effective field that is exerted on the hard layer. Experi-
mentally, Wang et al.5 investigated Co/PdSin /PdSi/
Fe–SiO2 as a weakly coupled case. On the other hand, Inaba
et al.4 studied strongly exchange coupled hard/soft stacked
CoCrPt–SiO2/NiFe–SiO2 media. Both reported an effective
reduction of Hc; however, the magnetization reversal process
has not been investigated in much detail.
Recently, we reported that the sputter deposition of an
amorphous alumina a-Al2O3 overlayer induced a disorder-
ing of L10-FePt particles at the a-Al2O3/FePt interfaces, and
this interfacial disordering brings about a significant reduc-
tion of Hc.
6,7 Since Ku of the disordered FePt phase is one or
two orders of magnitude smaller than that of the L10 phase,
the assembly of interfacially disordered FePt particles is
equivalent to the hard/soft stacked medium. In our previous
study, we investigated the magnetization reversal process of
the interfacially disordered FePt particle assembly that was
composed of particles of approximately 25 nm;7 however,
this particle size was found to be too large for the coherent
rotation.8 Therefore, the previous sample was not appropriate
for discussing the Hc reduction mechanism and the energy
barrier Eb in detail. In this study, we have applied the inter-
facial disordering technique to an assembly of much smaller
FePt nanoparticles that are below the critical size for coher-
ent rotation to study the magnetization reversal process in
hard/soft stacked FePt particle assemblies.
II. EXPERIMENT
FePt films were sputter deposited on MgO100 sub-
strates heated at 973 K using the dc magnetron sputtering
method. At this substrate temperature Tsub, the films grow
epitaxially with the Volmer-Weber mode, forming magneti-
cally isolated nanosized islands of L10-FePt with the c axis
normal to the substrates.9 The deposition of an a-Al2O3 over-
layer was carried out after cooling the sample to room tem-
perature RT. During this process, the interface between the
L10-FePt and a-Al2O3 was disordered to the A1 structure.
6,7
The nominal thickness of FePt was fixed at 2 nm. The thick-
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ness of the disordered layer was controlled by varying the
thickness of the a-Al2O3 overlayer from 0 to 1 nm.
The microstructure of the films was examined by x-ray
diffraction XRD and transmission electron microscopy
TEM. The composition of the FePt was estimated to be
equiatomic by the energy dispersive x-ray spectroscopy
EDXS. The magnetization curves of the films were mea-
sured by a superconducting quantum interference device
SQUID magnetometer with a maximum magnetic field of
55 kOe. The anomalous Hall effect AHE was also mea-
sured using the van der Pauw method at a maximum mag-
netic field of 90 kOe to saturate the magnetization of the
films. A 5 nm Ag capping layer was deposited as electrodes
for the AHE measurements. All the magnetic measurements
were carried out at 300 K.
III. RESULTS
Figure 1 shows a cross-sectional and b in-plane TEM
bright-field images and the corresponding selected area elec-
tron diffraction SAED pattern of the FePt nanoparticle as-
sembly that were deposited on a MgO100 substrate at
Tsub=973 K. The SAED pattern shows that the FePt particles
are ordered to the L10 structure having the cube/cube orien-
tation relationship with the MgO substrate. The in-plane
TEM image shows that the particles are isolated from each
other. The average diameter of the particle is about 10 nm.
The cross-sectional bright-field TEM image shows that the
height of the particles is about 5 nm. Figure 2 shows the
cross-sectional bright-field TEM image and the correspond-
ing dark-field TEM images of the FePt film capped with a
0.3 nm thick a-Al2O3 overlayer. The dark field image taken
with the 001 superlattice spot in Fig. 2b shows that the
interface between the FePt particle and the a-Al2O3 layer is
darkly imaged, while the dark field image taken with the 002
fundamental spot Fig. 2c shows a bright contrast over the
entire volume of the FePt particles. Thus, we conclude that
the darkly imaging region in Fig. 2b has a disordered A1
structure. The thickness of the disordered phase is about
2 nm and confirms the interfacial disordering of small par-
ticles.
Figure 3 shows the XRD patterns of the 2 nm thick FePt
films with various thicknesses of a-Al2O3 overlayers: a
0 nm, b 0.1 nm, c 0.3 nm, and d 0.7 nm. The 001 and
003 superlattice reflections are observed at around 24° and
77°, respectively. The unlabeled sharp peaks in Fig. 3 are
from MgO substrates. The peak at around 2=44° is due to
the Ag capping layer. No peaks other than L10-FePt 00l l:
integer are visible because of the 001 epitaxial growth of
FePt. In the films covered with a-Al2O3, the peak position of
002 shifts slightly to a lower angle, due to the partial disor-
dering at the a-Al2O3/FePt interface, as shown in Fig. 2b.
The thickness of the disordered layer was estimated from the
integrated intensity ratio of the L10-FePt 003 superlattice dif-
fraction of perfectly and partially ordered FePt particulate
films.7 Figure 4 shows the change in the thickness of the
FIG. 1. a Cross-sectional and b in-plane TEM bright-field images and the
corresponding selected area electron diffraction SAED pattern of the FePt
particulate film without an a-Al2O3 overlayer.
FIG. 2. a Cross-sectional bright-field TEM image of the FePt film capped
with a 0.3 nm thick a-Al2O3 overlayer. The dark field images excited with
the 001 superlattice spot and b the 002 fundamental spot c.
FIG. 3. XRD patterns of the 2 nm thick FePt films with various thicknesses
of a-Al2O3 overlayers; a 0 nm, b 0.1 nm, c 0.3 nm, and d 0.7 nm.
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disordered phase as a function of the thickness of the
a-Al2O3 overlayer. The thickness of the disordered phase
initially increases with the a-Al2O3 thickness, then saturates
at thicknesses of more than 0.3 nm. This figure shows that
the thickness of the disordered layer can be controlled by
varying the a-Al2O3 thickness.
Figure 5 shows magnetization curves of the FePt films
a with 0 nm, b 0.1 nm, c 0.3 nm, and d 0.7 nm thick
a-Al2O3 overlayers. In the FePt film without the a-Al2O3
overlayer, the magnetization is not saturated even at the
maximum magnetic field of 55 kOe. The Hc of this film mea-
sured by the AHE measurement is about 51 kOe, as shown in
the inset in Fig. 5a. Figure 6 shows the change of Hc as a
function of the thickness of the disordered layer. In this fig-
ure and hereafter, the disordered layer thickness is used as an
abscissa instead of the a-Al2O3 thickness. By increasing the
thickness of the disordered layer, Hc decreased from
51 to 15 kOe.
Figure 7 shows the angular dependence of remanent co-
ercivity Hr as a function of the field angle H with respect
to the normal direction of the film. Hr for the FePt sample
without a-Al2O3 almost follows the asteroid-type behavior,
indicating that the magnetization reversal occurs with the
coherent rotation mode. On the other hand, Hr decreases as
the thickness of the disordered layer increases. The angular
dependence of Hr of the interfacially disordered particle as-
semblies exhibits not only a lower value but also a rather flat
angular dependence, which obviously deviates from that of
the fully ordered FePt, suggesting an incoherent reversal.
Surprisingly, the disordered layer is much thinner than the
exchange length of FePt but can cause an incoherent reversal
in the L10-FePt nanoparticles.
To discuss the magnetization reversal process in the in-
terfacially disordered samples further, we measured the wait-
ing time dependence of Hr, as shown in Fig. 8. The waiting
time at each field was varied from 10 to 1000 s. The intrinsic
coercivity Hc0 without thermal agitation and the energy
barrier Eb at zero field were evaluated by analyzing the
time dependent Hr using the Sharrock equation,
10
Hrt = Hc01 −  kBTEb ln f0t0.693	1/2
 , 1
where kB is the Boltzmann constant, T is the absolute tem-
perature, t is the waiting time at each field, and f0 is the
attempted frequency of 109 Hz. Figure 9 shows the changes
in Hc0 and Eb that were obtained by fitting Hr Fig. 8 to the
Sharrock equation as functions of the thickness of the disor-
dered layers. By increasing the thickness of the disordered
layer, Hc0 decreased from 73 to 25 kOe, while Eb did not
change as much. Moreover, Eb seemed to increase slightly
with the disordered layer thickness. The Sharrock model is
known to be applicable only for the coherent reversal case.
FIG. 7. Angular dependence of remanent coercivity Hr as a function of the
field angle H with respect to the normal direction of the film.
FIG. 4. Change in the thickness of the disordered phase as a function of the
thickness of the a-Al2O3 overlayer.
FIG. 5. Magnetization curves of a the FePt film with 0 nm, b 0.1 nm, c
0.3 nm, and d 0.7 nm thick a-Al2O3 overlayer. Inset in a is a normalized
Hall voltage curve.
FIG. 6. Change in the coercivity Hc as a function of the disordered layer
thickness.
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Since the magnetization reversal process in the interfacially
disordered sample deviates from the ideal coherent rotation
as mentioned above, the validity of Hc0 and Eb that was
evaluated from the fitting using the Sharrock equation will be
discussed in more detail later.
IV. DISCUSSION
The magnetic total energy of a hard/soft stacked particle
is expressed by the following equation:
E =
dsKs sin2 s − MsH coss − H + dhKh sin2 h − MhH cosh − H − Jex cosh − s
dh + ds
, 2
where M is the saturation magnetization, H is the magnetic
field, d is the thickness of the layer, K is the anisotropy
constant, Jex is the exchange energy per unit area,  is the
angle of the magnetization from the easy axis, and the sub-
scripts s and h denoting the soft and the hard layers. In this
calculation, all the parameters are adjusted to the present
experimental conditions, Ms=Mh=1100 emu/cm
3, Ks
=0 erg/cm3, and Kh=410
7 erg/cm3, here Kh is deter-
mined from 2Kh /Mh=Hc0 73 kOe at ds=0 for the FePt
sample without the a-Al2O3 overlayer, and dh= 5−ds nm.







where a is the lattice constant, ni is the number of surface
atoms in the unit cell, n is the number of atoms in the unit
cell, and A is the exchange stiffness constant.11 From Eq. 3,
Jex is estimated to be approximately 30 erg/cm
2 for FePt.
However, the effective value of Jex in Eq. 2 would gener-
ally be smaller compared to the value straightforwardly
evaluated from Eq. 3, since the magnetization vector is
likely to show a gradual change at the interface rather than
making an abrupt change. Therefore, in addition to Jex
=30 erg/cm2, Jex=5 and 10 erg/cm
2 are also tested in the
following calculations. From the equilibrium condition of
Eq. 2, the switching field Hsw can be obtained as the field
at which the hard layer irreversibly switches.
Figure 10 shows the angular dependence of the calcu-
lated Hsw for a Jex=30 and b 10 erg/cm2. For Jex
=30 erg/cm2, an asteroid-type behavior is exhibited, indicat-
ing that the magnetization reverses in the body due to the
strong exchange coupling between the soft and hard layers.
On the other hand, for Jex=10 erg/cm
2, the angular depen-
dence changes from an asteroid shape to a flat one especially
in the range of H=0° –60°, as shown in Fig. 10b. These
FIG. 8. Changes in Hr as a function of waiting time for the interfacially
disordered FePt nanoparticles with various disordered thicknesses.
FIG. 9. Changes in the intrinsic coercivity Hc0 without thermal agitation
and the energy barrier Eb at zero field as functions of the disordered layer
thickness.
FIG. 10. Angular dependence of the calculated Hsw for a Jex=30 and b
10 erg/cm2.
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behaviors seem to be in accordance with those from the ex-
periments in Fig. 7. Figure 11 shows the change of Hsw at
H=0° as a function of ds. For Jex=30 erg/cm
2, Hsw de-
creases linearly with ds, indicating that the soft and hard
layers rotate in the body, and is consistent with the result
shown in Fig. 10a. For Jex=5 and 10 erg/cm2, Hsw devi-
ated from the linear dependence and significantly decreased
except at the very thin ds region. In the thick ds region, we
confirmed that the soft layer rotates first followed by the hard
layer, like a so-called spin flop state. Therefore, we can con-
clude that the appearance of the spin flop state can reduce
Hsw effectively, as previously mentioned by Victora and
Shen,3 and brings about the flat angular dependence of Hsw
in H=0° –60°, as shown in Fig. 10. Note in Fig. 11 that the
critical thickness for the spin flop state decreases by decreas-
ing the value of Jex. On the other hand, for the thicker region
of ds, Hsw for Jex=5 erg/cm
2 changes more gradually than
that for Jex=10 erg/cm
2. In this region, the Zeeman energy
of the soft layer becomes large. Therefore, when Jex is small,
the soft layer completely reverses before rotation of the hard
layer. As a result, Hsw tends to saturate.
To compare the experimental results with these calcula-
tions more quantitatively, the waiting time dependence of Hr
was calculated. First, the energy barrier at each external field
was calculated using Eq. 2, then Hr for each waiting time
was obtained from the calculated time decay of magnetiza-
tion based on the Néel-Arrhenius law. Thus, the calculated
waiting time dependence of Hr was fitted using the Sharrock
equation in the same manner as the experiments. The calcu-
lated intrinsic coercivity Hc0calc and the energy barrier
Ebcalc at zero field were obtained through the fitting. Fig-
ures 12a and 12b show Hc0calc and Hbcalc for Jex=30 and
10 erg/cm2 as functions of ds, respectively. The experimen-
tal data in Fig. 9 are also plotted in these figures. Moreover,
Ebreal, which is directly calculated from Eq. 2, is plotted in
Fig. 12b. Note that both Hc0calc and Ebcalc for Jex
=10 erg/cm2 coincide with the experimental results rather
than that for Jex=30 erg/cm
2. In Fig. 12a, Hc0calc for Jex
=30 erg/cm2 shows a more gradual decrease compared to
that for Jex=10 erg/cm
2 and the experimental results. In ad-
dition, in Fig. 12b, both Ebcalc for Jex=10 erg/cm2 and
Ebexpt exhibit a slight increase with ds, whereas both Ebcalc
for Jex=30 erg/cm
2 and Ebreal decrease monotonically.
These different behaviors of Eb indicate that the fitting using
the Sharrock equation causes a considerable overestimation
of Eb when the reversal mode is not an ideal coherent rota-
tion.
From Figs. 10–12 the experimental results can be ex-
plained well by assuming Jex=10 erg/cm
2, which shows that
the experimentally observed significant reduction of Hr with
a disordered layer thickness is attributed to the magnetization
reversal through the spin flop state as mentioned above. The
lower value of Jex=10 erg/cm
2 compared to the simply es-
timated value of Jex=30 erg/cm
2 for FePt should be attrib-
uted to the gradual change of the magnetization vector at the
interface between the soft and hard layers.
Finally, let us discuss the advantage of the hard/soft
stacked composite structure especially for high Ku material
such as L10-FePt. Previous experiments on hard/soft stacked
composite media were carried out on the PdSi/Co multilayer
films5 or the CoCrPt alloy films,4 whose magnetic anisotro-
pies Ku are not very high. For example, we calculated the
Hsw for Ku=110
7 erg/cm3. The critical ds for the spin flop
state becomes 1 nm even for a weak Jex of 5 erg/cm
2, which
is much thicker than that for Ku=410
7 erg/cm3, as shown
in Fig. 11. This fact indicates that the value of Jex must be
significantly reduced to realize the spin flop state when Ku is
not very high. Actually, Jex was controlled by the insertion of
a nonmagnetic spacer between the soft and hard layers in the
previous paper.5 On the other hand, the spin flop state ap-
pears more easily for a very high Ku material. For Ku=7
107erg/cm3, which is that for fully ordered bulk L10-
FePt, the critical ds becomes 0.1 nm for Jex=5 erg/cm
2,
0.3 nm for Jex=10 erg/cm
2, and 1 nm for Jex=30 erg/cm
2.
Consequently, the spin flop state can occur even for the sim-
ply stacked soft and hard layers without any spacer layers. A
great advantage for the media fabrication process is not hav-
ing to control Jex, and Hsw in this case can be easily designed
FIG. 11. Change in the switching field Hsw at =0° as a function of the
soft layer thickness ds.
FIG. 12. Changes in the calculated intrinsic coercivity Hc0calc a and the
calculated energy barrier Ebcalc at zero field b for Jex=30 and 10 erg/cm2
as functions of the soft layer thickness ds. The experimental one in Fig. 8 is
also plotted as Hc0expt. The energy barrier directly calculated from Eq. 2
and experimental data in Fig. 9 are also plotted as Ebreal and Ebexpt,
respectively.
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by adjusting only Ms and the thickness of the soft layer.
Therefore, we can conclude that a high Ku material like
L10-FePt is more suitable for the hard/soft stacked composite
media.
V. CONCLUSION
We have studied the microstructure and magnetic rever-
sal process of interfacially disordered FePt nanoparticle as-
semblies with a diameter of about 10 nm. The sputter depo-
sition of an amorphous alumina a-Al2O3 overlayer causes
the disordering of L10-FePt at the a-Al2O3/FePt interface,
and the thickness of the disordered layer can be controlled by
varying the overlayer thickness. This structure is equivalent
to the composite media consisting of the exchange coupled
soft and hard layers. Coercivity Hc of the interfacially disor-
dered FePt nanoparticles significantly decreases by increas-
ing the thickness of the disordered layer. A detailed compari-
son between the theoretical calculation and experimental
results showed that the reduction of Hc is attributed to the
spin flop state during the magnetization reversal. The inter-
facial disordering method is a promising technique for fabri-
cating FePt-based soft/hard stacked composite media.
ACKNOWLEDGMENT
This work was supported in part by the Ministry of Edu-
cation, Science, Sports and Culture of Japan, Grant-in-Aid
for Scientific Research B, Grant No. 17360346, 2005.
1J. J. M. Ruigrok, J. Magn. Soc. Jpn. 25, 313 2001.
2K. Gao and H. Bertram, IEEE Trans. Magn. 38, 3675 2002.
3R. H. Victora and H. Shen, IEEE Trans. Magn. 41, 537 2005.
4Y. Inaba, T. Shimatsu, O. Kitakami, H. Sato, T. Oikawa, H. Muraoka, H.
Aoi, and Y. Nakamura, IEEE Trans. Magn. 41, 3136 2005.
5J. P. Wang, W. Shen, and J. Bai, IEEE Trans. Magn. 41, 3181 2005.
6Y. K. Takahashi and K. Hono, Appl. Phys. Lett. 84, 383 2004.
7Y. K. Takahashi, S. Okamoto, O. Kitakami, and K. Hono, Mater. Trans.
47, 38 2006.
8S. Okamoto, O. Kitakami, N. Kikuchi, T. Miyazaki, Y. Shimada, and Y. K.
Takahashi, Phys. Rev. B 67, 094422 2003.
9T. Shima, K. Takanashi, Y. K. Takahashi, and K. Hono, Appl. Phys. Lett.
81, 1050 2002.
10M. P. Sharrock, IEEE Trans. Magn. 26, 193 1990.
11S. Okamoto, N. Kikuchi, O. Kitakami, T. Miyazaki, Y. Shimada, and K.
Fukamichi, Phys. Rev. B 66, 024413 2002.
074305-6 Takahashi et al. J. Appl. Phys. 100, 074305 2006
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
